Transient neonatal diabetes mellitus (TNDM) is diagnosed in the first 6 months of life, with remission in infancy or early childhood. For ϳ50% of patients, their diabetes will relapse in later life. The majority of cases result from anomalies of the imprinted region on chromosome 6q24, and 14 patients with ATP-sensitive K ؉ channel (K ATP channel) gene mutations have been reported. We determined the 6q24 status in 97 patients with TNDM. In patients in whom no abnormality was identified, the KCNJ11 gene and/or ABCC8 gene, which encode the Kir6.2 and SUR1 subunits of the pancreatic ␤-cell K ATP channel, were sequenced. K ATP channel mutations were found in 25 of 97 (26%) TNDM probands (12 KCNJ11 and 13 ABCC8), while 69 of 97 (71%) had chromosome 6q24 abnormalities. The phenotype associated with KCNJ11 and ABCC8 mutations was similar but markedly different from 6q24 patients who had a lower birth weight and who were diagnosed and remitted earlier (all P < 0.001). K ATP channel mutations were identified in 26 additional family members, 17 of whom had diabetes. Of 42 diabetic patients, 91% diagnosed before 6 months remitted, but those diagnosed after 6 months had permanent diabetes (P < 0.0001). K ATP channel mutations account for 89% of patients with non-6q24 TNDM and result in a discrete clinical subtype that includes biphasic diabetes that can be treated with sulfonylureas. Remitting neonatal diabetes was observed in two of three mutation carriers, and permanent diabetes occurred after 6 months of age in subjects without an initial diagnosis of neonatal diabetes. Diabetes
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Transient neonatal diabetes mellitus (TNDM) is diagnosed in the first 6 months of life, with remission in infancy or early childhood. For ϳ50% of patients, their diabetes will relapse in later life. The majority of cases result from anomalies of the imprinted region on chromosome 6q24, and 14 patients with ATP-sensitive K ؉ channel (K ATP channel) gene mutations have been reported. We determined the 6q24 status in 97 patients with TNDM. In patients in whom no abnormality was identified, the KCNJ11 gene and/or ABCC8 gene, which encode the Kir6.2 and SUR1 subunits of the pancreatic ␤-cell K ATP channel, were sequenced. K ATP channel mutations were found in 25 of 97 (26%) TNDM probands (12 KCNJ11 and 13 ABCC8), while 69 of 97 (71%) had chromosome 6q24 abnormalities. The phenotype associated with KCNJ11 and ABCC8 mutations was similar but markedly different from 6q24 patients who had a lower birth weight and who were diagnosed and remitted earlier (all P < 0.001). K ATP channel mutations were identified in 26 additional family members, 17 of whom had diabetes. Of 42 diabetic patients, 91% diagnosed before 6 months remitted, but those diagnosed after 6 months had permanent diabetes (P < 0.0001). K ATP channel mutations account for 89% of patients with non-6q24 TNDM and result in a discrete clinical subtype that includes biphasic diabetes that can be treated with sulfonylureas. Remitting neonatal diabetes was observed in two of three mutation carriers, and permanent diabetes occurred after 6 months of age in subjects without an initial diagnosis of neonatal diabetes. Diabetes 56: [1930] [1931] [1932] [1933] [1934] [1935] [1936] [1937] 2007 T ransient neonatal diabetes mellitus (TNDM) is a clinically defined subgroup affecting ϳ50% of children with neonatal diabetes. TNDM is differentiated from permanent neonatal diabetes mellitus (PNDM) because the diabetes remits in infancy or early childhood. Relapse in childhood or adolescence occurs in up to 50% of cases (1) .
There has been considerable progress in defining the genetic etiology of TNDM. The major breakthrough was establishing that the majority of cases result from anomalies of the imprinted region on chromosome 6q24, which encodes the ZAC and HYMAI genes (2, 3) . Three types of abnormalities have been identified to date that result in the overexpression of the paternal allele: paternally inherited duplication of chromosome 6q24, paternal uniparental isodisomy of chromosome 6, or a methylation defect.
Recent studies have identified 14 patients with TNDM resulting from mutations in the KCNJ11 and ABCC8 genes that encode the Kir6.2 and SUR1 subunits of the potassium ATP-sensitive K ϩ channel (K ATP channel) in the pancreatic ␤-cell (4 -6,8) . Heterozygous activating mutations in the KCNJ11 gene are the commonest cause of PNDM but also have been described in five patients with TNDM (4 -6). Functional work illustrated that TNDM mutations were functionally less severe in vitro than mutations resulting in PNDM (4) . Activating heterozygous ABCC8 mutations have recently been reported in three patients with PNDM and seven with TNDM (7, 8) . Mutations in either gene encoding the subunits of the K ATP channel cause diabetes by reducing the ability of the channel to close in response to increased ATP and reduced ADP concentrations. This altered sensitivity of the channel to the ratio of ATP to ADP results in increased potassium efflux from the cell and hyperpolarization of the membrane, thus reducing insulin secretion from the ␤-cell. The mechanism by which K ATP channel mutations result in a remitting/relapsing diabetes phenotype is not known.
The prevalence of K ATP channel mutations in TNDM and the associated clinical characteristics are uncertain. The initial descriptions suggest that the onset of diabetes and remission is later in TNDM patients with K ATP channel mutations (1, 4) . Since the original criteria for TNDM are based on a series of patients with 6q24 diabetes (diabetes diagnosed within 6 weeks of birth with remission by 18 months) (9) , this definition may exclude some cases with K ATP channel mutations. We and others (10,11) have shown that type 1 diabetes is very rare before 6 months of age and suggests a genetic etiology for most patients diagnosed before 6 months. TNDM might therefore be redefined as diabetes diagnosed before 6 months of age that later remits.
We investigated the genetic etiology of 97 patients whose diabetes was diagnosed within the first 6 months of life but entered remission before age 5 years. Our aim was to assess the prevalence of 6q24 abnormalities and K ATP channel mutations within this cohort and to investigate the clinical features of mutation carriers.
RESEARCH DESIGN AND METHODS
We studied 97 patients with diabetes diagnosed in the first 6 months of life whose diabetes remitted before the age of 5 years. Sixty-four have been previously reported (1, 3, 4, (12) (13) (14) (15) . The patients were referred from 14 different countries across four continents and were either recruited following a request for referrals to the International Society of Pediatric and Adolescent Diabetes rare diabetes collection or following referral to the Wessex Regional Genetics Laboratory for 6q24 abnormality testing. The study was conducted in accordance with the Declaration of Helsinki, as revised in 2000. Informed consent was obtained from all patients, with parental consent given on behalf of children. Genetic analysis. Genomic DNA was extracted from peripheral lymphocytes using standard procedures. In all patients, analysis of the 6q24 locus was undertaken using previously described methods to detect duplications, uniparental isodisomy and methylation abnormalities (1, 13) . In patients for whom no 6q24 abnormality was identified, the single exon of KCNJ11 was amplified in three overlapping fragments, as previously described (16) . The 39 exons of ABCC8 were analyzed in all patients in whom no KCNJ11 mutation was identified. The ABCC8 gene was amplified in 38 fragments using previously described primers (7) . PCR products were sequenced using standard methods on an ABI 3100 or ABI 3730 (Applied Biosystems, Warrington, U.K. 
RESULTS
Prevalence of different genetic aetiologies. We have determined the genetic etiology in 94 of 97 (97%) probands diagnosed with diabetes before the age of 6 months whose diabetes had subsequently entered remission (Fig. 1) . The majority of patients (69 of 97) had an abnormality at the 6q24 locus. Of these patients, 27 (39%) had paternal uniparental isodisomy, 27 (39%) had a duplication of the paternal allele, and 15 (22%) had a methylation defect. For the 28 remaining patients, in whom no 6q24 aberration was identified, sequencing of KCNJ11 and ABCC8 demonstrated that 25 probands were heterozygous for K ATP channel mutations. Mutation characteristics KCNJ11 mutations. Twelve of the probands had a heterozygous mutation in the KCNJ11 gene; six of these patients (with five different mutations) have been reported previously (4, 12) . We found eight different KCNJ11 mutations; R34C (c.100CϾT), G53R (c.157GϾC), G53S (c.157GϾA), E179A (c.536AϾC), I182V (c.544AϾG), E227K (c.679GϾA), E229K (c.685GϾA), and R365H (c.1094GϾA). Two mutations were identified in more than one proband (E227K, n ϭ 2, and E229K, n ϭ 4). The 
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DIABETES, VOL. 56, JULY 2007mutations R34C, E179A, and R365H are novel. We did not observe these mutations in 200 normal chromosomes, and all mutations affect residues that are conserved in human, mouse, rat, and dog (http://genome.ucsc.edu). ABCC8 mutations. Ten different ABCC8 gene mutations were identified in 13 probands:
(c.4138CϾT), and R1380H (c.4139GϾA). All were identified in one proband, with the exception of R1183W, which was identified in four probands. All mutations were novel except for R1380C and R1183Q (8). We did not observe these mutations in 200 normal chromosomes, and all affect residues that are conserved in human, mouse, rat, and dog (http://genome.ucsc.edu). Inheritance of mutations. Seven (28%) probands had de novo mutations as confirmed by the absence of the mutation in the unaffected parents (KCNJ11, n ϭ 3, and ABCC8, n ϭ 4). Microsatellite analysis was used to verify the family relationships in all but one case with an R1380C ABCC8 mutation, in whom parental DNA was unavailable. In the remaining 17 probands, the mutation had been inherited from a parent (partial pedigrees are shown in Fig. 2 ). In these families, 17 of 26 parents or siblings with the K ATP channel mutation had diabetes; in contrast, only 1 family member without the mutation was affected (P Ͻ 0.001). However there was not complete cosegregation of the mutations with diabetes because in eight probands the mutation was inherited from a nondiabetic parent. Neonatal diabetes (diagnosed in the first 6 months) was described in five siblings and four parents. Two mothers (identical twins, Fig. 2 ) were reported to have had diabetes in the neonatal period, although information regarding their ages at diagnosis and remission was not available. Nonpenetrance was seen in families with eight different mutations, suggesting that it was not a feature of specific mutations. Clinical characteristics of probands with KCNJ11 or ABCC8 mutations Diabetes. The characteristics of diabetes in the probands with KCNJ11 or ABCC8 mutations are shown in Table 1 . There was no significant difference in clinical characteristics between these two groups. Reduced birth weight was a consistent feature of both KCNJ11 and ABCC8 mutations (25th vs. 11th percentile; P ϭ 0.26). Diabetes was most frequently diagnosed between 0 and 8 weeks (86%), with all cases diagnosed before 17 weeks. None of the patients with an ABCC8 mutation had relapsed at the time of this study; however, this may be due to the younger age of these patients compared with those with KCNJ11 mutations. Neurological features. In addition to diabetes, neurological features were identified in four probands (16%) and were associated with both KCNJ11 and ABCC8 mutations. Two probands and one family member with a KCNJ11 mutation had neurological features. The first proband with an E229K KCNJ11 mutation has reported speech delay and was diagnosed with autistic spectrum disorder at the age of 3 years. Interestingly, the affected sibling and unaffected mother who both carry the same mutation have no reported speech problems, although the sibling is currently 2 years of age and still in the early stages of language development. The E229K mutation has been identified in five affected patients from three further families, with no reports of speech or developmental delay in any of the mutation carriers. Mild learning difficulties were observed in a second proband and his mother who both have the G53R KCNJ11 mutation. This mutation has not been identified in any other families to date; therefore, it is difficult to conclude whether these complications are a feature of the mutation or whether environmental and/or other genetic factors are involved.
Neurological features were also reported in three patients with an ABCC8 mutation. Muscle weakness was identified in two cousins with a D212I mutation. The proband had muscle hypotonia until the age of 8 months, and her cousin has been diagnosed with motor developmental delay, although no muscle weakness was reported in either of their affected mothers. The most severe neurological phenotype was identified in a proband with a de novo ABCC8 mutation (R1183W). This patient had one episode of tonic posturing with right facial involvement following admission to the hospital with diabetic ketoacidosis. He subsequently had two episodes of generalized seizures shortly after diagnosis of diabetes. No further seizures have been reported since insulin therapy was started, and it is likely that these seizures were a result of the severe hyperglycemia rather than as part of the DEND (Developmental Delay, Epilepsy, and Neonatal Diabetes) syndrome (17) . Neurological features have not been reported in any of the five other patients with the R1183W mutation.
The clinical characteristics of the probands with K ATP channel mutations were markedly different when compared with subjects with 6q24 abnormalities (Table 2) .
Patients with a 6q24 abnormality presented with a more severe clinical phenotype, as shown by their lower percentile birth weight (Ͻ1st vs. 12th; P Ͻ 0.001) and earlier age of diagnosis (0 vs. 4 weeks; P Ͻ 0.001). For patients with a K ATP channel mutation, the initial episode of diabetes was longer, with diabetes remitting significantly later than in patients with a 6q24 abnormality (35 vs. 13 weeks; P Ͻ 0.001). There is a trend toward an earlier age of relapse in patients with a K ATP channel mutation (P ϭ 0.07), and this may become more evident as the patients are studied over a longer period of time. Clinical characteristics of the K ATP channel mutations vary according to the age of diagnosis of initial diabetes. The characteristics of the diabetes varied according to the age at which it was first diagnosed (see Table 3 ). Remission of diabetes occurred in 32 of 35 (91%) patients diagnosed before 6 months but in none of those diagnosed after 6 months (P Ͻ 0.001) ( Table 3 and Fig. 3 ).
The median age at remission was 35 weeks (range 2-208). The three patients diagnosed before 6 months who had not entered remission were 1, 2, and 43 years of age at mutation screening. All patients were treated with insulin during their initial episode of diabetes and during any subsequent relapse of diabetes, except for one proband and his father with a KCNJ11 mutation (E227K), a father with a KCNJ11 mutation (E229K), and a mother with an ABCC8 mutation (D209E), who were treated with sulfonylureas. Two probands and four family members have now attempted to transfer off insulin and onto sulfonylureas using a protocol similar to that described for KCNJ11 mutations (18) . Transfer was successful in five cases (83%) but unsuccessful in a mother with a G53R mutation. Her son, who carries the same mutation, has successfully transferred onto sulfonylureas, suggesting that the observed lack of response to sulfonylureas is not a feature of the mutation. Phenotype of patients in whom the genetic etiology is not defined. We were able to determine the genetic etiology in all but 3 of 97 probands diagnosed with TNDM. Interestingly, all three patients had an atypical phenotype. The first patient was born at 30 weeks' gestation, and his transient hyperglycemia was possibly a consequence of (27) because the majority of patients were of U.K. white origin.
the premature birth. Early gestational age was not a consistent feature in patients with either a 6q24 anomaly or a K ATP channel mutation. The second patient stopped insulin treatment at the age of 4 years, but this was recommenced 1 year later. He also developed epilepsy at the age of 9 years, which has not been reported in any Data are median (range), unless otherwise indicated. Comparison of probands with a K ATP channel mutation (combined results) to patients with a 6q24 abnormality. ‫ء‬Data previously reported (1) . Differences between groups were calculated using Mann-Whitney U and 2 tests. Centile birth weights were calculated according to U.K. growth charts (27) because the majority of patients were of U.K. white origin. Data are median (range), unless otherwise indicated. Differences between groups were calculated using Mann-Whitney U and 2 tests. Percentile birth weights were calculated according to U.K. growth charts (27) because the majority of patients were of U.K. white origin.
other patients in our series. The third patient has had four episodes of remission and relapse, a unique phenotype that has also not been described in any other patients included in this study. In addition, the coding sequence of the glucokinase gene was normal in all three patients. This phenotypic variation suggests further rare distinct etiologies for TNDM.
DISCUSSION
We have shown that mutations in the KCNJ11 and ABCC8 genes that encode the Kir6.2 and SUR1 subunits of the K ATP channel are a major cause of TNDM, accounting for 29% of all cases and 89% of non-6q24 TNDM. As a result, a genetic diagnosis could be made in 97% of patients with neonatal diabetes that remitted. These estimates of the relative prevalence of the three major genetic subgroups are likely to be robust, as this study of a consecutive series of 97 TNDM patients is more than twice the size of the largest previous study. In our series, KCNJ11 (n ϭ 12) and ABCC8 (n ϭ 13) mutations were equally represented, which is in marked contrast to PNDM, for which there are Ͼ60 KCNJ11 mutations and only 3 ABCC8 mutations reported (7, 8) . The only previous comprehensive study is from France, which showed that a genetic diagnosis was possible for 33 of 44 patients with TNDM (8) . This is in contrast to the current study, in which the genetic etiology remains unknown in only 3 of 97 patients. The reason for this discrepancy is unknown; it could result from differences in the patients studied or in the detection of K ATP channel mutations. KCNJ11 mutations have now been identified in a total of 18 patients with TNDM (5, 6, 19) . Our study emphasizes that both KCNJ11 and ABCC8 mutations are an important cause of TNDM. Defining mutations. There is strong evidence that the mutations detected in KCNJ11 or ABCC8 are the cause of TNDM in these patients. All of the mutations occur at residues that are conserved across multiple species, alter the coding sequence (an essential requirement for an activating channel mutation), and are not found in normal control subjects or patients with PNDM. The strongest evidence for an etiological role is the de novo mutations, as spontaneous mutations are rare, even in genes as large as ABCC8 (8.5 ϫ 10 Ϫ5 ; 20). However, de novo mutations are only seen for 4 of the 14 novel mutations (29%) in contrast to PNDM, in which 84% of cases represent spontaneous mutations (21) . For the majority of cases (68%), the mutation is inherited from a parent, and although cosegregation of TNDM is rare, all cases of TNDM in the families have inherited the mutation. Fifty percent of parents have diabetes diagnosed before 45 years, which is rare in the general population (Ͻ0.2%) (calculated from 22) and is not seen in any of the non-mutation-carrying parents. The final evidence that these mutations are pathogenic is that functional studies for all mutations performed to date (G53R, G53S, I182V, E227K, and E229K in KCNJ11) have shown altered response to ATP in the presence of magnesium ions (4, 8, 19) . The presence of de novo mutations identified in five probands strongly supports an etiological role for the I182V, E229K, R1380C, and R1183Q mutations. Therefore, these mutations are highly likely to be causative of TNDM, even in the absence of complete cosegregation. Location and function of mutations. We have identified a number of commonly mutated residues in patients with TNDM within both K ATP channel genes. KCNJ11 mutations in our TNDM series cluster with residue G53 mutated in 2 of 12 probands and E227 and E229 residues mutated in 6 of 12 probands. Structural analysis has shown that G53 lies in a region linking the ATP binding site to the transmembrane domain (4), whereas E227 and E229 lie distant to the ATP binding site at the interface between Kir6.2 subunits and are thought to influence channel gating (19) .
The ABCC8 mutations are located throughout the SUR1 protein. The residue R1183, which is located at a position involved in joining transmembrane domain 2 to nucleotide binding domain 2, was mutated in five probands with two different residues, tryptophan and glutamine substituting arginine. The second most commonly affected residue was R1380, which is located in nucleotide binding domain 2 and is mutated in two probands. There are a cluster of mutations (D209E, D212N, and D212I) in the intracellular region that links the transmembrane domain with the gatekeeper module (8) .
Functional studies of channels with the TNDM-associated KCNJ11 mutations G53S, G53R, and I182V showed a moderate reduction in activity in the presence of ATP, which is less marked than the reduction seen with PNDM mutations (4). This suggested clear association of the genotype with functional effect as well as clinical phenotype, but further studies have shown that there is some overlap between the magnitude of the K ATP channel currents in TNDM-and PNDM-associated mutations (19) . Furthermore, the V252A and R201H mutations have been described in both patients with PNDM and TNDM (6, 19) , so the genotype/phenotype correlation is not absolute. A biphasic course for diabetes in KCNJ11 and ABCC8 mutations associated with TNDM. We have shown that patients with K ATP channel mutations, when diagnosed within the neonatal period, have similar clinical characteristics irrespective of whether KCNJ11 or ABCC8 is mutated ( Table 1) . The TNDM probands with K ATP channel mutations show a biphasic course in which diabetes is diagnosed before age 6 months. They then typically go into remission between age 6 and 12 months and are likely to relapse during adolescence or early adulthood. None of the patients diagnosed with diabetes after 6 months of age had a remission of diabetes, even if they had the same mutation as patients who remitted. Interestingly, birth weight, a reflection of insulin-mediated growth and, hence, insulin secretion in utero, is reduced to a similar extent whether the patient is diagnosed before 6 months or not. These findings imply that the K ATP channel mutations have a biphasic course, and patients diagnosed later may have had a period of hyperglycemia that was undetected in the neonatal period. This could explain the apparent phenotypic heterogeneity with the same mutation. Importantly, this means that K ATP channel mutations can present outside the neonatal period, and, if the parents in our families had not had a child with TNDM, they would have been diagnosed as having type 1 or type 2 diabetes. It will be important to test cohorts with a clinical diagnosis of type 1 diabetes to see how prevalent these mutations are, especially because it will have implications for treatment.
The explanation of the biphasic course in both types of K ATP channel mutations is not known. A fixed-channel defect would be expected to produce a fixed phenotype, as seen with K ATP channel mutations causing PNDM. The change seen in glucose tolerance during remission and subsequent relapse likely reflects either changes in insulin requirements or changes in the number of ␤-cells or both. As insulin levels are very low in nondiabetic neonates (23) , this would suggest that the initial diabetes does not reflect increased insulin requirements at this time, although the relapse around puberty may reflect the associated increase in insulin resistance. The biphasic course seen in 6q24 TNDM is still not fully understood, even with the creation of a good mouse model (24) .
Neurological complications were present in addition to diabetes in six patients with an ABCC8 or KCNJ11 mutation. In all cases, the affected individual had been diagnosed with diabetes before the age of 6 months. In one family, both mutation carriers had learning difficulties. In all other families, neurological features did not cosegregate with the mutation, suggesting that neurological phenotype is not a consistent feature of these mutations. 6q24 TNDM differs from TNDM resulting from K ATP channel mutations. Our series provides strong evidence that clinical characteristics differ markedly between patients with a K ATP channel mutation and those with a chromosome 6q24 anomaly. In addition to diabetes, seven patients with a 6q24 abnormality (30%) had macroglossia and two patients had umbilical hernia (9%). These abnormalities were not present in any of the patients with a K ATP channel mutation. Patients with K ATP channel TNDM have a higher birth weight (2,570 vs. 1,950 g), are diagnosed later (4 vs. 0 weeks), and enter remission later (35 vs. 13 weeks) than patients with 6q24 abnormalities. Although these clinical characteristics can aid in the identification of the cause of TNDM, there is overlap in the range of values (Table 2) . Therefore, while clinical features can guide the order in which genetic tests are performed, a molecular genetic diagnosis is still required. Phenotype of TNDM versus PNDM mutations. There is a clear genotype/phenotype relationship. None of the K ATP channel mutations identified within this series have been found in patients with PNDM. Only one report, to date, has identified R201H, a well-characterized PNDM mutation, in a patient with TNDM (6) . Between the TNDM and PNDM groups, there are no significant differences between the percentile birth weights and age of diagnosis (12th vs. 3rd percentile and 4 vs. 5 weeks) (16) . Distinction between the two subgroups can be made only by the presence of a period of remission in the TNDM patients. One difference between the groups is the mode of inheritance. In our series, a greater number of probands (68%) have a familial mutation. This is in contrast to PNDM, in which 84% of all mutations occur de novo (21) . Therapeutic implications. Identification of a K ATP channel mutation has important implications for patient clinical management. Recent reports (19, 25, 26) have shown that most patients with a KCNJ11 mutation and PNDM are able to transfer from insulin onto sulfonylurea treatment with an improvement in glycemic control in all cases reported. Babenko et al. (8) reported two patients with an ABCC8 mutation who were successfully treated with sulfonylureas after their TNDM relapsed. In our series, 3 of the 14 patients who developed diabetes outside the initial 6 months (either as a relapse or initial diagnosis) were initially treated with sulfonylureas. Since the diagnosis was made, a further five patients have successfully transferred onto sulfonylureas from insulin using a similar protocol to that described for the transfer of patients with PNDM and a KCNJ11 mutation (18) . For the remaining patients, transfer is either in progress or the patients are currently in remission.
In conclusion we have shown that a genetic diagnosis is possible for 97% of patients diagnosed with TNDM. Mutations of the K ATP channel genes, ABCC8 and KCNJ11, account for the majority (89%) of non-6q24 TNDM. Diabetes associated with these K ATP channel mutations has a biphasic course, although neonatal diabetes that enters remission may not be detected. Patients therefore may present with permanent diabetes diagnosed in childhood or adulthood. In addition, not all mutation carriers may be diabetic when the mutation is detected in a proband. The therapeutic implications for those patients found to have a K ATP channel mutation highlights the importance of screening all patients with non-6q24 TNDM for mutations in ABCC8 and KCNJ11.
